1. Introduction {#s0005}
===============

Preeclampsia (PE) is a multisystem disorder which affects approximately 6% of pregnant women worldwide, and still remains a leading cause of maternal and perinatal morbidity and mortality [@bb0005], [@bb0010]. Despite the large body of data on the molecular changes associated with PE, its etiology is still poorly understood. There are two clinically-distinct PE phenotypes that vary in the time of onset: early-onset PE (eoPE), which occurs before 34 weeks, and late-onset PE (loPE), which takes place after 34 weeks of gestation [@bb0015]. PE is thought to be associated with impaired trophoblast invasion into the myometrial segment of the spiral artery [@bb0020], [@bb0025], [@bb0030]. Subsequent disturbance of placental oxygenation results in permanent ischemia/reperfusion and induction of oxidative stress in the placenta and maternal blood [@bb0035], [@bb0040], [@bb0045], [@bb0050]. The present study is an investigation into myometrial tissue from patients with normal pregnancy and those with PE. Myometrium is an uterine muscle, composed of three poorly defined layers (inner, outer and middle), and is rich in blood vessels [@bb0055]. A number of studies have demonstrated alterations in the expression of vascular tension modulators in myometrial tissue in PE [@bb0060], [@bb0065], [@bb0070]. However, very few studies have focused on the antioxidant system, mitochondrial apparatus and autophagy in myometrium, despite them being highly interconnected [@bb0075]. Free radicals, derived from preeclamptic placenta, induce the circulation of reactive oxygen species (ROS) and oxidation products of biomolecules in the blood. This may affect the functionality of myometrium and endothelial cells by influencing a wide range of cellular processes [@bb0050]. Since mitochondria and NADPH oxidase are considered major sources of ROS in PE placentas [@bb0080], [@bb0085], it is important to evaluate the expression of antioxidant enzymes, state of ROS-sensitive mitochondrial network [@bb0090], and level of autophagy in the neighbouring myometrium.

2. Material and methods {#s0010}
=======================

2.1. Ethics statement {#s0015}
---------------------

All procedures and experimental protocols involving myometrial tissue were conducted in accordance with the Declaration of Helsinki, Guidelines for Good Clinical Practice and Committee on Biomedical Research Ethics of Research Center for Obstetrics, Gynecology and Perinatology, Ministry of Healthcare of the Russian Federation. All the patients signed informed consent in accordance with the Ethics Committee requirements and Helsinki Declaration of the World Medical Association.

2.2. Sample collection {#s0020}
----------------------

Myometrial samples were collected immediately after delivery by elective caesarean section, proposed on clinical grounds for women with normal pregnancies, eoPE or loPE, in the Research Center for Obstetrics, Gynecology and Perinatology, Moscow. PE was diagnosed according to common medical criteria [@bb0015]. Myometrial biopsy (0.5 × 0.5 × 0.5 cm) was obtained from the upper edge of lower segment uterine incision, snap frozen in liquid nitrogen and stored at − 80 °C until used.

2.3. RNA extraction and reverse transcription {#s0025}
---------------------------------------------

Total RNA was isolated using Extract RNA Reagent (Evrogen, Russia) after homogenisation of myometrial tissue in liquid nitrogen. RNA concentration and 260/280 ratio was measured using a spectrophotometer DS-11 (DeNovix, USA). The integrity of RNA was confirmed by 1.5% agarose gel electrophoresis. For the reverse transcription reaction, 0.5 μg of total RNA was reverse transcribed using the MMLV-RT kit (Evrogen, Russia) with random hexamer primers.

2.4. Quantitative real-time PCR {#s0030}
-------------------------------

Quantification of mRNA was conducted using DT-96 Real-Time Detection Thermocycler (DNA-Technology LLC, Russia). The reactions were carried out in duplicate in volumes of 10 μl, containing 50 ng of cDNA, 300 nM of each primer, and 2 μl of 5xSybrGreen-mix (Evrogen, Russia). All primers (Supplementary Table S1) were generated by Primer-BLAST [@bb0095]. Specificity of the amplified fragments was confirmed by melting curve analysis and electrophoresis of the PCR products on 1.5% agarose gel. The PCR program consisted of an initial step at 95 °C for 5 min, followed by 45 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 20 s, and elongation at 67 °C for 20 s, followed by melting at a gradient from 65 °C to 95 °C. Relative gene expression was determined as the ratio of the target gene to the internal reference gene expression (β-actin) based on Ct values, using QGENE software [@bb0100].

2.5. mtDNA copy number {#s0035}
----------------------

DNA extraction from myometrial homogenate was conducted using DNA Extran-2 kit (Syntol, Russia). The mtDNA content was measured by Real-Time PCR, normalising the quantity of a non-polymorphic region of D-loop with a single copy nuclear gene (β-2-microglobulin). Primer sequences are shown in Supplementary Table S1. 100 ng of total DNA was analysed in duplicate under the following conditions: 50 °C for 2 min, 95 °C for 20 s, followed by 45 cycles of denaturation at 95 °C for 15 s, annealing at 63 °C for 20 s, and elongation at 67 °C for 20 s, followed by melting at a gradient from 65 °C to 95 °C. Relative quantification values were calculated by the 2^− ΔCt^ method [@bb0105].

2.6. Activity of citrate synthase {#s0040}
---------------------------------

Citrate synthase activity was determined in myometrial tissue homogenate at a wavelength of 412 nm as described by Eigentler et al. [@bb0110].

2.7. Western blot analysis {#s0045}
--------------------------

Sample preparation and immunoblotting were performed as previously described [@bb0115]. Membranes were incubated with primary antibodies (anti-SOD1--ab13498; anti-SOD2--ab16956; anti-catalase- ab76024; anti-GPx1--ab108427; anti-VDAC1--ab154856; anti-TFAM--ab155240; anti-PGC-1α--ab77210; anti-PGC-1β--ab176328; anti-OPA1--ab119685; anti-MFN1--ab57602; anti-MFN2--ab56889; anti-DRP1--ab56788; anti-LC3A--ab52628; anti-HK1--ab55144, all--Abcam, USA; anti-beta-actin--MA5-15739, anti-Bcl-2-13-8800, Invitrogen, USA) overnight at 4 °C with gentle shaking. After washing, the membranes were incubated with peroxidase-conjugated secondary antibodies for 1 h at room temperature. Target proteins were detected using Novex ECL Kit (Invitrogen, USA) in ChemiDoc station (Biorad, USA). Optical densities of the protein bands were measured using ImageLab Software. Protein content was normalised on β-actin.

2.8. Statistical analysis {#s0050}
-------------------------

Data is presented as mean ± standard error mean (SEM). The Shapiro-Wilk normality test was used to estimate distribution [@bb0120]. One-way analysis of variance (ANOVA) followed by the Tukey\'s post-hoc test was used to identify differences among multiple groups with normal distribution. One-way Kruskal-Wallis non-parametric ANOVA followed by the post-hoc Dunn test was used to calculate statistical differences for non-normal distributions. All calculations were performed by Prism 7.0 software (GraphPad, USA) and Website VassarStats for Statistical Computation ([www.vassarstats.net](http://www.vassarstats.net){#ir0005}). p-Value \< 0.05 was considered significant and was indicative of the differences in comparison to control.

3. Results {#s0055}
==========

3.1. Clinical data {#s0060}
------------------

Clinical and demographic data of the study patients are summarized in [Table 1](#t0005){ref-type="table"}. Women with early-onset and late-onset PE showed significantly increased systolic and diastolic blood pressure, and proteinuria, in comparison with normal pregnancies. Lower baby weight and intrauterine growth restriction (IUGR) were observed in both PE types.Table 1Clinical and demographic characteristics of patients. Data is listed as mean ± SEM.Table 1CharacteristicsControlloPEeoPENumber101010Maternal age, years32.7 ± 1.430.2 ± 1.133.7 ± 1.2Gestational age at delivery, weeks39.8 ± 0.138.0 ± 0.331.8 ± 0.4[⁎](#tf0005){ref-type="table-fn"}Body mass index before delivery, kg/m^2^26.6 ± 1.028.7 ± 1.028.9 ± 1.5Systolic blood pressure, mm Hg112.3 ± 1.2152.2 ± 3.1[⁎](#tf0005){ref-type="table-fn"}163.7 ± 4.5[⁎](#tf0005){ref-type="table-fn"}Diastolic blood pressure, mm Hg73.2 ± 1.295.7 ± 2.4[⁎](#tf0005){ref-type="table-fn"}99.9 ± 2.1[⁎](#tf0005){ref-type="table-fn"}Proteinuria, mg/dLND100.9 ± 50.0[⁎](#tf0005){ref-type="table-fn"}168.2 ± 40.2[⁎](#tf0005){ref-type="table-fn"}Sex of the baby (male/female), %70/3060/4050/50Intrauterine growth restriction, %ND30[⁎](#tf0005){ref-type="table-fn"}60[⁎](#tf0005){ref-type="table-fn"}Baby mass, g3395.5 ± 128.12799.3 ± 192.8[⁎](#tf0005){ref-type="table-fn"}1523.1 ± 146.9[⁎](#tf0005){ref-type="table-fn"}[^1][^2]

3.2. Decline of antioxidant system in preeclamptic myometrium {#s0065}
-------------------------------------------------------------

To evaluate the antioxidant system in preeclamptic and control myometrium, we measured protein expression of four essential enzymes that are responsible for maintaining a physiological ROS level: cytoplasmic superoxide dismutase 1 (SOD1), mitochondrial superoxide dismutase 2 (SOD2), catalase and glutathione peroxidase 1 (GPx1). Relative level of SOD1 ([Fig. 1](#f0005){ref-type="fig"}A) was significantly decreased in both PE groups compared to the control (1.6-fold for eoPE, p = 0.017; 1.7-fold for loPE, p = 0.006). In contrast, the production of SOD2 in preeclamptic myometrium and normal myometrium was similar ([Fig. 1](#f0005){ref-type="fig"}B). The level of catalase ([Fig. 1](#f0005){ref-type="fig"}C) was significantly lower in preeclamptic myometrium; we observed a 1.8-fold decrease of catalase expression in both PE groups (p = 0.020 for both). We did not find any significant differences in content of GPx1, another important antioxidant protein ([Fig. 1](#f0005){ref-type="fig"}D).Fig. 1Antioxidant enzymes content in myometrium. Relative level of SOD1 (A), SOD2 (B), catalase (C) and GPx1 (D) in myometrium of control (CTRL) group and preeclamptic pregnancies: late-onset PE -- loPE, early-onset PE -- eoPE (n = 10 for each group), according to western blot analysis (left side -- membrane staining, right side -- protein level relative to β-actin). β-actin was used as a loading control (E). \*p \< 0.05 versus control.Fig. 1

3.3. Mitochondrial biogenesis at PE {#s0070}
-----------------------------------

Mitochondria, especially the respiratory chain, remain the major source of cellular ROS. As such, we investigated whether markers of mitochondrial quantity and biogenesis in the myometrium change as a result of PE development. The relative level of VDAC1, an important mitochondrial channel, was two-fold higher in the myometrium of the loPE group ([Fig. 2](#f0010){ref-type="fig"}A), than that of the control group (p = 0.002). The level of TFAM, another mitochondrial protein responsible for mtDNA transcription and replication, was also higher in the loPE group ([Fig. 2](#f0010){ref-type="fig"}C); a 2.5-fold increase in its expression was observed (p = 0.001). The production of mitochondrial biogenesis inducers PGC-1α and PGC-1β was then assessed ([Fig. 2](#f0010){ref-type="fig"}B and D). We found significant increase in the PGC-1α protein level in the loPE group (2.4-fold, p = 0.040), and the PGC-1β in both PE groups (3.8-fold for eoPE (p = 0.014), and 2.8-fold for loPE (p = 0.011)). Interestingly, changes in the gene expression level of NRF1 and NRF2 (Nuclear Respiratory Factors that are downstream targets of PGC-1α and PGC-1β (S1 Fig.)) were not evident. Moreover, no significant differences were observed in the mitochondrial content tests of citrate synthase activity and mtDNA copy number ([Fig. 2](#f0010){ref-type="fig"}F and G).Fig. 2Mitochondrial biogenesis in myometrium. Relative level of VDAC1 (A), PGC-1α (B), TFAM (C) and PGC-1β (D) in myometrium from normal, early- and late-onset PE pregnancies: late-onset PE -- loPE, early-onset PE -- eoPE (n = 10 for each group), according to western blot analysis (left side -- membrane staining, right side -- protein level relative to β-actin). β-actin was used as a loading control (E). Results of citrate synthase activity assay (F). Relative mtDNA copy number according to PCR analysis (G). The median (line), mean (cross) and 25--75% interquartile range are shown. \*p \< 0.05 versus control.Fig. 2

3.4. Fusion and fission {#s0075}
-----------------------

The processes of mitochondrial elongation and fragmentation are highly sensitive to microenvironment and intracellular changes. We observed significant 1.6-fold increase in the mRNA level of the important profusion agent OPA1 in the eoPE group (p = 0.023), compared to the control ([Fig. 3](#f0015){ref-type="fig"}A). With regard to protein content level, significant decreases in the cleaved OPA1 form (S-OPA1) was observed in both PE groups ([Fig. 3](#f0015){ref-type="fig"}B). The ratio of the large OPA1 form (L-OPA1) to S-OPA1 reflects the prevalence of fusion to fission, and was 3-fold higher in the eoPE group (p \< 0.01) ([Fig. 3](#f0015){ref-type="fig"}C). No differences in the expression of MFN1 and MFN2 (proteins involved in the fusion of outer mitochondrial membranes), and DRP1 protein levels (main agent that promotes mitochondrial fission) were evident ([Fig. 3](#f0015){ref-type="fig"}D and E).Fig. 3Mitochondrial fusion and fission in myometrium. Relative gene expression level of OPA1, normalised on β-actin (A), according to PCR analysis. Protein level of OPA1 (L- and S-forms: L-upper band, S-lower band) (B), MFN1 and MFN2 (D), DRP1 (E) in myometrium from normal and preeclamptic pregnancies: late-onset PE -- loPE, early-onset PE -- eoPE (n = 10 for each group), according to western blot analysis (left side -- membrane staining, right side -- protein level relative to β-actin). Ratio of OPA1-L to OPA1-S levels (C). β-actin was used as a loading control (F). \*p \< 0.05 versus control.Fig. 3

3.5. Autophagy is enhanced in loPE myometrium {#s0080}
---------------------------------------------

To verify whether autophagy is activated at PE we evaluated expression level of the autophagosomal membrane-bound form (LC3-II) of common autophagy marker LC3A/B, which combines both LC3 isoforms: A and B. We didn\'t observe significant difference (p = 0.081) in LC3A/B protein level among the groups (S2 Fig.). Measuring LC3A level separately (also LC3-II form), we found significant increase in the loPE group (p = 0.013), compared to the control ([Fig. 4](#f0020){ref-type="fig"}A). In contrast, western blot analysis did not reveal differences in the expression of proteins that are involved in the regulation of autophagy and its subtype -- mitophagy. Production of Parkin, which takes part in the labeling of mitochondria for further mitophagy, PINK1 (PTEN-induced putative kinase 1; Parkin activation), p62 (adapter for autophagosome capture), Beclin1 (apoptosis and autophagy regulator), AMPK (key player in signaling pathway, possibly leading to autophagy) and BNIP3 (Bcl-2 family member, responsible for alternative mitophagy activation) was at the same level in all three groups tested (S3 Fig.). Interestingly, significant increase in hexokinase 1 (HK1) level was observed in the loPE group (p = 0.041), as shown in [Fig. 4](#f0020){ref-type="fig"}B. HK1 catalyses the first step of glycolysis and may be related to mitochondria labeling for further mitophagy. Furthermore, the level of Bcl-2 ([Fig. 4](#f0020){ref-type="fig"}C), which may regulate autophagy, was significantly higher in the eoPE group than the control (p = 0.017).Fig. 4Autophagy in myometrium. Relative level of LC3A (A), HK1 (B) and Bcl-2 (C) proteins normalised on β-actin (left side -- membrane staining, right side -- protein level relative to β-actin). Protein expression was measured in myometrium from normal (CTRL) and preeclamptic pregnancies: late-onset PE -- loPE, early-onset PE -- eoPE (n = 10 for each group), by western blot analysis. β-actin was used as a loading control (D). \*p \< 0.05 versus control.Fig. 4

4. Discussion {#s0085}
=============

Preeclampsia is a pregnancy-specific syndrome, which manifests as disturbances in circulatory, excretory, immune, visual and other organ system functions [@bb0125]. Despite the considerable number of studies into the placenta, other organs such as the adjacent uterus, may be involved in the progression of the disease. The myometrium is the muscle layer of the uterus, and is rich in vessels which pass blood from the mother to the fetus and vice versa. Oxidative stress markers in patients with PE are present not only in placental tissue, but also in maternal blood [@bb0050], [@bb0130], [@bb0135], [@bb0140].

In the present study, significant differences between preeclamptic myometrium and the control were observed in the levels of the proteins responsible for antioxidant defense, mitochondrial biogenesis and autophagy. We support the hypothesis about influence on maternal organism through extracellular messengers such as ROS, e.g. in the form of hydrogen peroxide [@bb0145], [@bb0150], lipid peroxides, also calcium [@bb0155], microparticles (exosomes and microvesicles) [@bb0160], [@bb0165] and cytokines circulating in the blood of the mother and fetus [@bb0050], [@bb0160], [@bb0170], [@bb0175]. The alterations in protein expression levels observed in preeclamptic myometrium, may be due to the activity of agents derived from the placenta or proinflammatory factors. Indeed, the myometrial biopsies were not extracted from the placental attachment site, supporting the hypothesis of a general influence to the myometrium and maternal circulation, rather than a local effect only in the placental bed area.

The problem of oxidative stress is in the focus of many works concerning PE. Therefore it was important for us to estimate the changes in content of antioxidant enzymes in preeclamptic myometrium in comparison to control group. In present study we investigated four antioxidant enzymes: SOD1, SOD2, catalase and GPx1. SOD1 is a component of an essential cytosolic system which catalyses the first step of the enzymatic conversion of superoxide radical to water, i.e., the reduction to hydrogen peroxide. Catalase is responsible for the further reduction of hydrogen peroxide to water and oxygen. The significant decrease of catalase and SOD1 levels observed in both PE groups, suggests a disruption in the activity of the "first line" of antioxidant defense, located mainly in the cytoplasm. This may be due to the influence of exogenous agents, which initially affect cytoplasmic enzymes. Kirbas et al. [@bb0180] observed significant decrease in the total antioxidant capacity in the blood of preeclamptic women. Similar associations concerning reduced SOD and catalase activities, and their mRNA levels have also been demonstrated in several other studies [@bb0130], [@bb0185], [@bb0190], [@bb0195], [@bb0200]. Although direct measurements of ROS in myometrial biopsies were not performed in our study due to its short lifespan, increases in PGC-1α and PGC-1β levels were observed, and may indicate oxidative stress [@bb0205]. St-Pierre et al. [@bb0210] demonstrated the up-regulation of PGC-1α and PGC-1β levels under oxidative stress conditions in a cell model. The imbalance between antioxidant enzymes content and ROS formation in maternal organism is a common and well-established feature of PE [@bb0035].

Reductions in oxidative metabolism and/or decline of antioxidant defense, lead to biomolecule and cellular component damage [@bb0215], [@bb0220]. Autophagy is a process whereby intracellular macromolecules and organelles are initially engulfed by autophagosomes, and then directed to lysosomes [@bb0225]. Activation of autophagy has been demonstrated in different human pathology states including cardiovascular diseases, ischemia and cancer [@bb0075], [@bb0230]. Elimination of accumulated oxidised molecules and organelles provides cell survival, by maintaining cellular homeostasis [@bb0075]. During autophagy, the PINK1-Parkin-mediated pathway promotes labeling of depolarised mitochondria by ubiquitin and the special adapter protein p62 [@bb0235]. Cytosolic protein LC3-I undergoes conversion to the LC3-II form, which conjugates to phosphatidylethanolamine on the autophagosomal membrane, and recognises a specific label on the surface of organelles (like p62) [@bb0240], [@bb0245]. After the fusion of autophagosome with lysosome, its internal contents (including LC3) are degraded by hydrolases. Several authors claim that the content of LC3 may reflect autophagic activity [@bb0245], [@bb0250], [@bb0255]. There are three cellular LC3 isoforms (LC3A, LC3B and LC3C) that are considered to have different localisation and probably -- functions, despite their high similarity [@bb0260]. We found significant difference in LC3A level between normal and loPE myometrium, but not in LC3A/B level, a common autophagy marker. Nevertheless, LC3A has been shown to be involved in autophagy promotion, and may serve as an autophagy marker [@bb0255], [@bb0265], [@bb0270], [@bb0275], [@bb0280]. This may indicate an alternative autophagy pathway that involves LC3A as a major player in preeclamptic myometrium; further studies are required for confirmation. Our data is in agreement with work of Oh et al. [@bb0285] who observed a significant increase in LC3 levels associated with PE but in placentas. Another study showed elevated LC3 level in a primary culture of extravillous trophoblast cells under hypoxic condition [@bb0290].

Reduction in oxidative metabolism in PE due to the fluctuation of oxygen consumption, promotes enhanced ROS production and autophagy [@bb0285], [@bb0295], [@bb0300], [@bb0305]. Notably, an energy deficit may be partially balanced by activation of glycolysis. One of the key glycolytic enzymes, hexokinase, is responsible for hexoses entering the degradation pathway by its initial phosphorylation in a rate-limited manner, dependent on intracellular ATP concentration [@bb0310]. In our study, a significant increase in HK1 level was observed in the loPE group. Hexokinase is thought to bind to mitochondria through the VDAC1 docking site, and form metabolic compartments termed contact sites [@bb0315], [@bb0320]. Furthermore, HK1 may be ubiquitinated by Parkin during autophagy [@bb0235], [@bb0325], and is essential for Parkin relocalisation from the cytoplasm to depolarised mitochondria for labeling [@bb0330]. Indeed, VDAC1 (the level of which was also higher in the loPE group) may serve as a platform for ubiquitination and mitochondria selection in a Δψ-dependent manner during autophagy [@bb0235], [@bb0240], [@bb0335]. Thus, we suggest that increases in HK1 and VDAC1 levels in the loPE group could be linked to glucose metabolism, probably due to hypoxia or the activity of exogenous agents [@bb0340], and also to autophagy activation in loPE myometrium.

The essential mitochondrial protein TFAM is responsible for mtDNA transcription and replication, and its level was found to be elevated in the loPE group. This finding, combined with the significant increases in PGC proteins and VDAC1 levels in loPE myometrium, led us to expect the increase of mitochondrial content markers: mtDNA copy number and citrate synthase activity. However, such changes were not observed, probably due to the high rate of mitochondrial turnover promoted by autophagy or alternative regulation pathways. The lack of observable changes in mitophagy proteins (e.g., Parkin, PINK1, p62 and Beclin1) may be due to the initial high levels required for performance of its functions.

The absence of autophagy induction in the eoPE group may indicate the presence of an inhibition mechanism. Indeed, we observed a significant increase in Bcl-2 expression in the eoPE group. This anti-apoptotic protein may inhibit Beclin1 activity and consequently the autophagy process [@bb0345], [@bb0350]. In eoPE myometrium the significant increase in OPA1 mRNA level and the ratio of uncleaved to cleaved OPA1, indicates the prevailing of fusion to fission [@bb0355], [@bb0360], [@bb0365]. This result is in agreement with our previously study, which demonstrated an increase in OPA1 expression in placenta either in eoPE group [@bb0115].

The results suggest that different molecular mechanisms underlay early- and late-onset PE pathology. These may be sequential events of the same process resulting from an adaptive response to PE conditions. It is evident that there is a high regenerative capacity of placental stem cells during early gestation [@bb0370]. In eoPE myometrium we observed an increase in mitochondrial fusion with blocking of apoptosis and autophagy by Bcl-2, whilst in loPE, autophagy was activated. According to the model of mitochondria turnover described in the review of Twig et al. [@bb0375], mitochondrial fusion precedes autophagy. At late gestation age, the mechanism of oxidative stress compensation in loPE includes the induction of another autophagy pathway; this warrants further investigations.

5. Conclusions {#s0090}
==============

The results of this study have revealed important alterations in the molecular machinery of preeclamptic myometrium with regard to antioxidant enzymes content, markers of mitochondrial biogenesis and autophagy.
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[^1]: ND--not detected.

[^2]: р \< 0.05 versus control.
